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We experimentally demonstrate the cesium electric quadrupole transition from the 6S1/2 ground
state to the 7D3/2,5/2 excited state through a virtual level by using a single laser at 767 nm. The
excited state energy level population is characterized by varying the laser power, the temperature
of the vapor, and the polarization combinations of the laser beams. The optimized experimental
parameters are obtained for a high resolution transition interval identification. The magnetic dipole
coupling constant A and electric quadrupole coupling constant B for the 7D3/2,5/2 states are pre-
cisely determined by using the hyperfine levels intervals. The results, A = 7.39 (0.06) MHz, B =
-0.19 (0.18) MHz for the 7D3/2 state, and A = -1.79 (0.05) MHz, B =1.05 (0.29) MHz for the 7D5/2
state, are in good agreement with the previous reported results. This work is beneficial for the
determination of atomic structure information and parity non-conservation, which paves the way
for the field of precision measurements and atomic physics.
I. INTRODUCTION
The precise measurement of atomic structure prop-
erties has laid a good experimental foundation for the
development of atomic physics and quantum mechan-
ics [1–5]. The hyperfine splitting (HFS), resulting from
electron-nuclear interactions, can be used to determine
the strength of the interaction of magnetic dipoles, elec-
tric quadruple, and magnetic octuplet interactions be-
tween the nucleus and the orbital electrons [6]. Fur-
ther, the measurement of the excited states hyperfine
splitting can help in the construction and modification
of the atomic wave functions [7], which is beneficial
for understanding the atomic structure and fundamental
physics. The hyperfine coupling constants measurement
is achieved by using the high precision spectroscopy tech-
nology, which has various presentations such as saturated
absorption spectroscopy [8], polarization spectroscopy
[9], electromagnetically induced transparency [10], and
two-photon transition spectroscopy [11].
Recently, the 6S − 7D stepwise excitation transition
spectroscopy of the cesium atom is widely researched
with the motivation of high precision frequency standard.
The 6S − 7D two-photon transition has a narrow natu-
ral linewidth because the 7D state energy level has a
long lifetime of about 160 ns [12]. Meanwhile, the time
interval that the radio frequency oscillates 9192631770
times, corresponding to the transition frequency interval
between the two-ground state hyperfine energy levels of
the 133Cs atoms, is defined to be 1 second. Therefore, the
Cs 6S − 7D two-photon transition high-precision spec-
troscopy has the potential to serve as a secondary fre-
quency standard for a frequency-doubled 1534 nm laser
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in the C-band window of quantum telecommunication
[13].
Several experimental platforms are demonstrated for
the Cs 6S − 7D two-photon transition spectroscopy by
two laser beams coupling with the real energy levels.
The electric field induced hyperfine level-crossings of
6S1/2 − 7D two-step laser excitation are illustrated and
the hyperfine constants of the 7D5/2 state are obtained
in cesium [14, 15]. The 7D3/2 hyperfine coupling con-
stants are measured using two-photon fluorescence spec-
troscopy by a photomultiplier tube [16]. The direct fre-
quency comb spectroscopy is performed in cesium vapor
with a high precision mode-locked laser [17]. However,
the above-mentioned systems are complicated and ex-
pensive. A simple and effective mechanism is proposed
with obvious advantages for the potential frequency stan-
dard. The 6S−7D monochromatic two-photon transition
has some advantages, such as superior Doppler-free back-
ground caused by counter-propagation geometry, more
candidates for frequency standards due to the transition
selection rule |4F |≤2, and more precise determination of
hyperfine coupling constant via more energy level inter-
vals identification. Therefore, Doppler-free two-photon
transitions of cesium 6S1/2 − 7D3/2,5/2 are observed in
a thermal vapor [18]. And the measurement of the hy-
perfine structure in the 7D3/2 state is obtained by one-
color two-photon fluorescence spectroscopy [19]. Fur-
ther deeper and detailed exploration is required for the
monochromatic two-photon transition process in the field
of precision measurement.
In this paper, we report on the study of the 6S1/2 −
7D3/2,5/2 electric quadrupole transition in a thermal Cs
vapor by using a single laser with 767 nm. We explore
the dependency of the atomic hyperfine structure spec-
tral profile on the vapor temperature, the laser power,
and the polarization combinations of the laser beams.
Thus, the hyperfine coupling constants of 7D3/2,5/2 states
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2can be obtained via hyperfine structure level intervals.
This research can provide a solid experimental basis for
the potential application of precision measurement and
quantum telecommunications.
FIG. 1. Energy levels of 133Cs 6S1/2 − 7D3/2,5/2 monochro-
matic two-photon transitions. A 767 nm laser excites atoms
from 6S1/2 state to 7D3/2,5/2 states via a virtual level. The
excited state atoms decay back to the 6S1/2 state through the
7P3/2,1/2 intermediate states, then spontaneously emit 455.5
nm and 459.3 nm fluorescence (purple line).
II. EXPERIMENT SETUP
The energy level diagram for the 6S1/2 − 7D3/2,5/2 of
Cs is shown in Fig. 1. The atoms in a vapor are excited
from the 6S1/2 ground state to the 7D excited states by
absorbing two photons. Since the 133Cs nuclear spin I
is 7/2, there are two hyperfine structures F = 4 and
F = 3 for the ground state 6S1/2 energy level. For the
6S − 7D two-photon transition, the 6S1/2 ground state
cannot be directly coupled to the 7D excited states be-
cause of the dipole-forbidden transition rules, and the
transition selection rules must satisfy 4F=±2, ±1, or
0. Therefore, there are four transition lines: 6S1/2(F =
4) − 7D3/2(F ′′ = 2, 3, 4, 5), 6S1/2(F = 3) − 7D3/2(F ′′ =
2, 3, 4, 5), 6S1/2(F = 4) − 7D5/2(F ′′ = 6, 5, 4, 3, 2) and
6S1/2(F = 3) − 7D5/2(F ′′ = 5, 4, 3, 2, 1). The tran-
sition process is as follows: Firstly, atoms are excited
from 6S1/2 state via a virtual level (black dashed line)
to the 7D3/2,5/2 excited states by using 767.8 nm and
767.2 nm laser, respectively. Then, the unstable excited
state atoms will decay back to the ground state via two
pathways, the first is spontaneously radiate to the 7P3/2
state and then to the 6S1/2 ground state with 455.5 nm
fluorescence, the second is spontaneously radiate to the
7P1/2 state and then to the 6S1/2 ground level with 459.3
nm fluorescence. The intensity of the fluorescence radi-
ation is proportional to the population of 7D3/2,5/2 ex-
cited state atoms, so the fluorescence intensity at 455.5
nm and 459.3 nm can characterize the intensity of the
6S1/2 − 7D3/2,5/2 two-photon transition.
The transition process is achieved by two laser beams
with counter-propagation configuration acting on the Cs
thermal vapor. The laser is provided by a Ti: sapphire
laser system (SolaTis-SRX-XF, M Squared Lasers) which
can be tuned from 600 to 1000 nm. The light emitted by
the laser is linear polarized and has a lager laser power of
2 W. The laser frequency, which is locked by a reference
cavity, can be scanned by changing the length of the ref-
erence cavity. A small fraction of the laser beam is fed to
a wavelength meter in order to monitor the laser wave-
length. A quartz tube of 100 mm length and 25 mm di-
ameter is filled with cesium atoms, which is shielded with
a µ-metal box to reduce the effect of any stray magnetic
field. The temperature of the vapor can be accurately
controlled by a self-feedback system. An electro-optic
modulator (EOM) generated a side-band laser beam is
served as a frequency rule to measure hyperfine level in-
tervals. The decay fluorescence at 455.5 nm and 459.3 nm
are collected by a photomultiplier tube (PMT) (Hama-
matsu, CR131), the high gain of 8 × 106 ensures the
high efficiency spectral detection. An interference filter
with center wavelength 457 nm and 10 nm pass band
(FL457.9-10, Thorlabs) is placed in front of the PMT to
prevent scattered light.
III. RESULTS AND DISCUSSION
The two-photon transition peak intensity from the
ground state to the excited state |n′′L′′J′′F ′′〉 can be char-
acterized by:[20, 21]
P (6S1/2F, n
′′L′′J′′F
′′) ∝ ( 1
2F + 1
)
I1I2
[ω6S1/2F :n′′L′′J′′F
′′ − (ω1 + k1 · v)− (ω2 + k2 · v)]2 + (
γn′′L′′
J′′
2 )
2
× ΣMF ,MF ′′ |ΣF ′,MF ′
〈n′′L′′J′′F ′′M ′′F |eˆ2 · d|6PJ′′F ′M ′F 〉〈6PJ′′F ′M ′F |eˆ1 · d|6S1/2FMF 〉
ω6S1/2F :6PJ′F ′ − (ω1 + k1 · v)− i
γ6P
J′
2
|2
(1)
where I1 and I2 are the intensities of two counter- propagating beams that used to excite the two-photon
3process, F , F ′ and F ′′ are total atomic angular momen-
tum quantum numbers, ω1 and ω2 are the two photon fre-
quencies, k1 and k2 are the wave vectors, υ is the atomic
velocity, eˆ1 and eˆ2 are the unit vector along the quan-
tization axis direction for the two laser beams, d is the
electric dipole operator, γnLis the homogeneous linewidth
of the |nLJ〉 state, MF ,M ′F , and M ′′F are the magnetic
quantum numbers. For a given laser polarization, the
matrix elements for the different magnetic sublevels is
related to reduced matrix elements by use of the Wigner-
Eckart theorem and standard Clebsch-Gordan relations,
which can be used to characterize the two-photon tran-
sition probability:[22, 23]
〈n′L′J′F ′M ′F |eˆ · d|nLJFMF 〉
= 〈J ||d||J ′〉(−1)2F ′+MF+I+J
√
(2F + 1)(2F ′ + 1)(2J + 1)
×
(
F ′ 1 F
M ′F MF −M ′F −MF
){
J J ′ 1
F ′ F I
}
(2)
where 〈J‖d|J ′〉 is the reduced matrix element, I is the
nuclear spin, and the terms in brackets and curly brackets
are the 3-J and 6-J symbols, respectively. For the pi-
pi polarization combination of Cs atoms, the hyperfine
transition probabilities of the 6S1/2(F = 4)−7D3/2(F ′′ =
2, 3, 4, 5) and the 6S1/2(F = 3) − 7D3/2(F ′′ = 2, 3, 4, 5)
are 0.58 : 0.68 : 0.64 : 0.43 and 0.06 : 0.23 : 0.53 : 1,
respectively. And, the hyperfine transition probabilities
of the 6S1/2(F = 4) − 7D5/2(F ′′ = 6, 5, 4, 3, 2) and the
6S1/2(F = 3) − 7D5/2(F ′′ = 5, 4, 3, 2, 1) are 1 : 0.55 :
0.25 : 0.09 : 0.02 and 0.30 : 0.40 : 0.42 : 0.28 : 0.09,
respectively.
FIG. 2. Monochromatic two-photon transition fluorescence
spectrum (a) 6S1/2(F = 4) − 7D3/2(F ′′ = 2, 3, 4, 5), (b)
6S1/2(F = 3) − 7D3/2(F ′′ = 2, 3, 4, 5), (c) 6S1/2(F = 4) −
7D5/2(F
′′ = 6, 5, 4, 3, 2), (d) 6S1/2(F = 3) − 7D5/2(F ′′ =
5, 4, 3, 2). The black dots represent the experimental results.
The red lines are multi-peak fitting curves with a Voigt func-
tion.
The two-photon transition fluorescence spectra of Cs
6S1/2 − 7D3/2,5/2 are obtained by scanning laser fre-
quency, in which the two counter-propagation beams
have same linear polarization. The experiment param-
eters are as follow: The laser power is 180 mW and the
temperature of the atom vapor is fixed at 423 K. Figures
2(a) and (b) present the 6S1/2(F = 4) − 7D3/2(F ′′ =
2, 3, 4, 5) and 6S1/2(F = 3) − 7D3/2(F ′′ = 2, 3, 4, 5) hy-
perfine transitions, respectively. Each hyperfine splitting
of the 7D3/2 state can be well resolved. And the hyper-
fine intervals of F ′′ = 2 − F ′′ = 3, F ′′ = 3 − F ′′ = 4,
F ′′ = 4 − F ′′ = 5 are determined as 22.33 MHz, 29.70
MHz and 36.85 MHz, respectively. Figures 2(c) and
(d) are the hyperfine transition spectra corresponding to
6S1/2(F = 4) − 7D5/2(F ′′ = 6, 5, 4, 3, 2) and 6S1/2(F =
3)− 7D5/2(F ′′ = 5, 4, 3, 2), respectively. The 6S1/2(F =
3) − 7D5/2(F ′′ = 1) transition is not well resolved due
to the small hyperfine separation with the neighboring
one. And the hyperfine intervals of F ′′ = 6 − F ′′ = 5,
F ′′ = 5−F ′′ = 4, F ′′ = 4−F ′′ = 3 and F ′′ = 3−F ′′ = 2
are measured as 10.20 MHz, 9.01 MHz, 7.40 MHz and
5.82 MHz, respectively.
FIG. 3. The two-photon transitions fluorescence intensity as
a function of laser power (a) 6S1/2(F = 4) − 7D3/2(F ′′ = 4)
transition and 6S1/2(F = 3)− 7D3/2(F ′′ = 4) transition, (b)
6S1/2(F = 4)−7D5/2(F ′′ = 5) transition and 6S1/2(F = 3)−
7D5/2(F
′′ = 5) transition. The dots represent experimental
results, the solid lines are the results of theoretical fitting, and
the errors are the standard deviation of three measurements.
[Inset: the two-photon transition fluorescence intensity versus
the squared total laser power (P 2)].
The two-photon transition fluorescence intensity is
characterized by varying the laser power, which is shown
in Fig. 3. We choose four different two-photon transi-
tions for research: (a) 6S1/2(F = 4) − 7D3/2(F ′′ = 4)
and 6S1/2(F = 3)− 7D3/2(F ′′ = 4) , and (b) 6S1/2(F =
4)− 7D5/2(F ′′ = 5) and 6S1/2(F = 3)− 7D5/2(F ′′ = 5).
The experiment is conducted with the same condition
of Fig. 2, except that the laser power increased from
90 mW to 180 mW. It can be seen that the two-photon
4transition intensity increases with the increase of laser
power and exhibits a quadratic relationship. For the
monochromatic two-photon transition with two counter-
propagating laser beams, the laser intensity I1 = I2, the
two-photon transition intensity has a linear relationship
with the squared laser power from formula (1), which can
be verified in the insert of Fig. 3. Meanwhile, the transi-
tion intensity ratio of 6S1/2(F = 4) − 7D3/2(F ′′ = 4)
and 6S1/2(F = 3) − 7D3/2(F ′′ = 4) in Fig. 3(a) is
1.24, the ratio of 6S1/2(F = 4) − 7D5/2(F ′′ = 5) and
6S1/2(F = 3)−7D5/2(F ′′ = 5)in Fig. 3(b) is 1.84. These
measured values match well with theoretical prediction
of 1.22 and 1.83 by formula (2). Also, there is a small
difference between experimental results and theoretical
predictions, which is mainly coming from the systematic
fitting errors in determining the two-photon transition in-
tensity from the fluorescence spectroscopy and the slope
between the fluorescence intensity and the squared laser
power. Moreover, the spectral linewidth increases with
increasing power due to the power-broadening effect[24].
FIG. 4. The two-photon transition fluorescence intensity ver-
sus the vapor temperature. (a) 6S1/2(F = 4) − 7D3/2(F ′′ =
2, 3, 4, 5) transition , (b) 6S1/2(F = 3)−7D3/2(F ′′ = 2, 3, 4, 5)
transition, (c) 6S1/2(F = 4)− 7D5/2(F ′′ = 6, 5, 4, 3, 2) transi-
tion and (d) 6S1/2(F = 3)− 7D5/2(F ′′ = 5, 4, 3, 2) transition.
The red lines represent the two-photon transition spectra.
Figure 4 illustrates the two-photon transition intensity
as a function of vapor temperature. The atom vapor
temperature increased from 373 K to 433 K, and the cor-
responding atomic density is increased from 1.55 × 1013
cm−3 to 3.54×1014 cm−3. The red lines are the transition
spectra with the Fig. 2 for visual reference. Figures 4(a)
and 4(b) are the experimental results of the 6S1/2(F =
4) − 7D3/2 and 6S1/2(F = 3) − 7D3/2 two-photon tran-
sitions cases, respectively. We can find that the fluores-
cence intensity of 6S1/2(F = 3)− 7D3/2 is stronger than
6S1/2(F = 4)−7D3/2 transition at same temperature for
the larger transition dipole matrix element. Figures 4(c)
and 4(d) show the results of 6S1/2(F = 4) − 7D5/2 and
6S1/2(F = 3)−7D5/2 transitions, respectively. Similarly,
the intensity of 6S1/2(F = 4)− 7D5/2 transition is obvi-
ously stronger than 6S1/2(F = 3) − 7D5/2 transition at
the same temperature just as the theory. The increase of
the fluorescence intensity with the vapor temperature at-
tributed to the increasing atomic density. However, the
fluorescence intensity remains constant when the tem-
perature is higher than 423 K for the self-absorption of
the 7P1/2,3/2 − 6S1/2 transition [25]. Also, the linewidth
of the transition spectrum is found to be a synchronous
increase with the fluorescence intensity as the vapor tem-
perature increases due to the Doppler broadening effect
[26].
The laser polarization combinations have a direct in-
fluence on the two-photon transition probability for the
different transition pathways. The different magnetic
sublevel transitions of 4mF= 0, 1 and -1 are driven by
pi linearly polarized, σ+ right-handed circularly polar-
ized and σ− left-handed circularly polarized laser, respec-
tively. The 6S − 7D two-photon transition probabilities
for each allowed magnetic sublevel levels can be obtained
by multiplying probabilities for the two magnetic sublevel
transitions. In the experiment setup, the insert of differ-
ent quarter-waveplate before or behind the atom vapor
can result in different polarization combinations of laser
beams. Figure 5 shows the experimental results, where
the black, red and blue lines represent the cases of σ+-
σ+, pi-pi, and σ+-σ− polarization combinations, respec-
tively. We find that the σ+-σ+ polarization combination
induced the biggest transition intensity, the pi-pi case is
smaller, while the opposite circular polarization combi-
nation causes the minimum transition probability. These
results are consistent with the theoretical prediction, the
relative probabilities of two-photon transition tend to be
maximum and minimum in the case of the same rotation
circular polarization and the opposite rotation circular
polarization, respectively[27, 28].
The hyperfine interaction can be written in terms of
the hyperfine energy shift [29]:
4Ehfs = A ·K
2
+
B
2
·
3K
2 (K + 1)− 2I(I + 1)J(J + 1)
I(2I − 1)J(2J − 1) .
(3)
where A is the magnetic dipole constant, B is the elec-
tric quadruple constant, I is the nuclear spin angular
momentum quantum number, and J is the total elec-
tron angular momentum quantum number. The to-
tal atomic angular moment is F = I + J , and K =
F (F +1)−J(J+1)−I(I+1). With the hyperfine struc-
ture splittings measured from the Figs. 2 (a-d), the hy-
perfine coupling constants A and B of Cs atoms 7D3/2,5/2
states are determined by using formula (3), which are
listed in TABLE I. Our experimental results are in good
agreement with previous reports and are more consis-
tent with the measurement results by direct frequency
comb spectroscopy [17]. However, compared with direct
frequency comb spectroscopy, the monochromatic two-
photon transition is expected to benefit for the better
elimination of the Doppler effect, higher spectral SNR,
and convenient system integration and miniaturization.
5TABLE I. Hyperfine coupling constants A and B of the 7D3/2 and 7D5/2 states
Hyperfine state A B Reference
7.39(0.06) -0.19(0.18) This work
7.36(0.03) -0.10(0.20) Kortyna et al.(2008)[16]
7D3/2 7.386(0.015) -0.18(0.16) Stalnaker et al.(2010)[17]
7.36(0.07) -0.88(0.87) Lee et al.(2011)[18]
7.38(0.01) -0.18(0.10) Kumar et al.(2013)[19]
-1.79(0.05) 1.05(0.29) This work
7D5/2 -1.42 - Auzinsh et al.(2007)[15]
-1.717(0.015) -0.18(0.52) Stalnaker et al.(2010)[17]
-1.81(0.05) 1.01(1.06) Lee et al.(2011)[18]
FIG. 5. The 6S1/2−7D3/2,5/2 two-photon transition spectra
with different polarization combinations of the laser beams.
The black, red and blue lines are the experimental results of
σ+-σ+, pi-pi, and σ+-σ− polarization combinations, respec-
tively.
In the whole measurement process, the error source
mainly comes from systematic uncertainties, such as
Zeeman shift, AC-stark shift, pressure shift, frequency
drift of laser. In our experiment, a µ-metal box is used
to minimize the stray magnetic field by surrounding
the Cs vapor. Thus, the Zeeman shift can almost be
eliminated. The AC-stark displacement is the frequency
shift of the atomic energy level due to the dipole
action of the light field on the atom-induced electric
dipole moment. The energy level frequency shift will
cause measurement error, which is proportional to the
laser intensity. For the operating laser power of our
experiment, the AC-Stark shift is calculated to be about
83 kHz. The pressure shift of the system is caused
by the Cs atom vapor. From the detailed study of
pressure shifts in Ref. [17], we expect the pressure shift
of our system to be ∼140 kHz. The error caused by the
frequency drift of the laser can be eliminated by multiple
measurements. Another possible systematic error comes
from the accuracy in determining the hyperfine structure
by fitting the two-photon transition spectrum with the
theoretical model, which is about 30 kHz. All in all, the
entire experimental system caused ∼250 kHz system-
atic uncertainty for the hyperfine structure measurement.
IV. CONCLUSION
In conclusion, we have experimentally demonstrated
the monochromatic 6S1/2−7D3/2,5/2 electric quadrupole
transition in a thermal Cs vapor. A quadratic relation-
ship between the laser power and the two-photon tran-
sition intensity is observed. Also, the fluorescence inten-
sity shows an upward trend as the vapor temperature
increases. The effect of polarization combinations of the
counter-propagating laser beams on the transition spec-
trum is studied in detail. The 7D3/2,5/2 states hyperfine
structure constants A and B are derived by using the
measured hyperfine level splitting intervals. The simple
optical setup is easy to miniaturize and can be readily in-
tegrated into more complex devices. Moreover, the two-
photon transition of Cs atoms at 767 nm can be used as
a secondary frequency standard in the C-band window of
quantum telecommunication.
V. ACKNOWLEDGMENT
This work is supported by the National Key R&D Pro-
gram of China under Grant No. 2017YFA0304203; the
NSFC under Grants No. 61875112, No. 61705122, No.
91736209; the Program for Sanjin Scholars of Shanxi
Province; Key Research and Development Program of
Shanxi Province for International Cooperation under
Grant No. 201803D421034 and 1331KSC.
6[1] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L.
Roberts, C. E. Tanner, and C. E. Wieman, Measurement
of parity non-conservation and an anapole moment in
cesium, Science 275, 1759 (1997).
[2] S. G. Porsev, K. Beloy, and A. Derevianko, Precision
determination of electroweak coupling from atomic parity
violation and implications for particle physics, Phys. Rev.
Lett. 102, 181601 (2009).
[3] X. Zheng, Y. Sun, J. Chen, W. Jiang, K. Pachucki, and
S. Hu, Measurement of the frequency of the 23S − 23P
transition of 4He, Phys. Rev. Lett. 119, 263002 (2017).
[4] J. Yuan, C. Wu, Y. Li, L. Wang, Y. Zhang, L. Xiao,
S. Jia, Controllable electromagnetically induced grating
in a cascade-type atomic system, Front. Phys. 14, 52603
(2019).
[5] R. Li, Y. Wu, Y. Rui, B. Li, Y. Jiang, L. Ma, and H. Wu,
Absolute frequency measurement of 6Li D lines with khz-
Level uncertainty, Phy. Rev. Lett. 124, 063002 (2020).
[6] A. Ramos, R. Cardman, and G. Raithel, Measurement of
the hyperfine coupling constant for nS1/2 Rydberg states
of 85Rb, Phys. Rev. A 100, 062515 (2019).
[7] E. Arimondo, M. Inguscio, and P. Violino, Experimental
determinations of the hyperfine structure in the alkali
atoltls, Rev. Mod. Phys. 49, 31 (1977).
[8] J. Yuan, C. Wu, L. Wang, G. Chen, and S. Jia, Obser-
vation of diffraction pattern in two-dimensional optically
induced atomic lattice, Opt. Lett. 44, 4123 (2019).
[9] J. Kirkbride, A. R. Dalton, and G. A. D. Ritchie, Po-
larization spectroscopy of a velocity-selected molecular
sample, Opt. Lett. 39, 2645 (2014).
[10] J. Yuan, S. Dong, C. Wu, L. Wang, L. Xiao, and S. Jia,
Optically tunable grating in a V + Ξ configuration in-
volving a Rydberg state, Opt. Express 28, 23820 (2020).
[11] T. Ray, R. K. Gupta1, V. Gokhroo1, J. L. Everett, T.
Nieddu, K. S Rajasree and S. N. Chormaic, Observation
of the 87Rb 5S1/2 to 4D3/2 electric quadrupole transition
at 516.6 nm mediated via an optical nanofibre, New J.
Phys. 22, 062001 (2020).
[12] M. S. Safronova, U. I. Safronova, and C. W. Clark, Magic
wavelengths, matrix elements, polarizabilities, and life-
times of Cs, Phy. Rev. A 94, 012505 (2016).
[13] K. Heshamia, D. G. Englanda, P. C. Humphreysb, P. J.
Bustarda, V. M. Acostac, J. Nunnb, and B. J. Sussmana,
Quantum memories: emerging applications and recent
advances, J Mod Opt. 63, 2005 (2016).
[14] M. Auzinsh, K. Blushs, R. Ferber, F. Gahbauer, A. Jar-
mola, and M. Tamanis, Electric field induced hyperfine
level-crossings in (nD) Cs at two-step laser excitation:
Experiment and theory, Opt. Commun. 264, 333 (2006).
[15] M. Auzinsh, K. Bluss, R. Ferber, F. Gahbauer, A. Jar-
mola, M. S. Safronova, U. I. Safronova, and M. Tamanis,
Level crossing spectroscopy of the 7, 9, and 10D5/2 states
of 133Cs and validation of relativistic many-body cal-
culations of the polarizabilities and hyperfine constants,
Phys. Rev. A 75, 022502 (2007).
[16] A. Kortyna, V. Fiore, and J. Farrar, Measurement of the
cesium 7d2D3/2 hyperfine coupling constants in a thermal
beam using two-photon fluorescence spectroscopy, Phys.
Rev. A 77, 062505 (2008).
[17] J. E. Stalnaker, V. Mbele, V. Gerginov, T. M. Fortier, S.
A. Diddams, L. Hollberg, and C. E. Tanner, Femtosecond
frequency comb measurement of absolute frequencies and
hyperfine coupling constants in cesium vapor, Phys. Rev.
A 81, 043840 (2010).
[18] Y. Lee, Y. Chang, Y. Chang, Y. Chen, C. Tsai, and H. C.
Chui, Hyperfine coupling constants of cesium 7D states
using two-photon spectroscopy, Appl. Phys. B 105, 391
(2011).
[19] P. V. Kiran Kumar, M. Sankari, and M. V. Surya-
narayana, Hyperfine structure of the 7d2D3/2 level in ce-
sium measured by Doppler-free two-photon spectroscopy,
Phys. Rev. A 87, 012503 (2013).
[20] W. Demtro¨der, Laser Spectroscopy Vol. 2: Experimental
Techniques 4th edn (Springer, Berlin, 2008).
[21] L. Wang, Y. Zhang, S. Xiang, S. Cao, L. Xiao, and S. Jia,
Two-photon spectrum of 87Rb using optical frequency
comb, Chin. Phys. B 24, 063201(2015).
[22] H. Cheng, H. Wang, S. Zhang, P. Xin, J. Luo, and H.
Liu, Electromagnetically induced transparency of 87Rb
in a buffer gas cell with magnetic field, J. Phys. B 50,
095401 (2017).
[23] I. I. Sobelman, Atomic Spectra and Radiative Transitions
(Springer,Berlin, 1996).
[24] Z. He, J. Tsai, Y. Chang, C. Liao, and C. Tsai, Ladder-
type electromagnetically induced transparency with op-
tical pumping effect, Phys. Rev. A 87, 033402 (2013).
[25] R. E. Ryan, L. A. Westling, and H. J. Metcalf, Two-
photon spectroscopy in rubidium with a diode laser, J.
Opt. Soc. Am. B 10, 1643 (1993).
[26] S. Wang, J. Yuan, L. Wang, L. Xiao, and S. Jia, A stable
frequency standard based on the one-color two-photon
5S − 7S transition of rubidium at 760 nm, Laser Phys.
Lett. 16 125204 (2019).
[27] S. Dai, W. Xia, Y. Zhang, J. Zhao, D. Zhou, Q. Wang, Q.
Yu, K. Li, X. Qi, and X. Chen, Polarization dependence
of the direct two photon transitions of 87Rb atoms by
erbium: Fiber laser frequency comb, Opt. Commun. 378,
35 (2016).
[28] D. McGloin, M. H. Dunn, and D. J. Fulton, Polariza-
tion effects in electromagnetically induced transparency,
Phys. Rev. A 62, 053802 (2000).
[29] J. Wang, H. Liu, G. Yang, B. Yang, and J. Wang, Deter-
mination of the hyperfine structure constants of the 87Rb
and 85Rb 4D5/2 state and the isotope hyperfine anomaly,
Phys. Rev. A 90, 052505 (2014).
